Herpesvirus envelopment is a two-step process which includes acquisition of a primary envelope resulting from budding of intranuclear capsids through the inner nuclear membrane. Fusion with the outer leaflet of the nuclear membrane releases nucleocapsids into the cytoplasm, which then gain their final envelope by budding into trans-Golgi vesicles. It has been shown that the UL34 gene product is required for primary envelopment of the alphaherpesvirus pseudorabies virus (PrV) . We show here that the product of the UL37 gene of PrV, which is a constituent of mature virions, is involved in secondary envelopment. Replication of a UL37 deletion mutant, PrV-⌬UL37, was impaired in normal cells; this defect could be complemented on cells stably expressing UL37. Ultrastructural analysis demonstrated that intranuclear capsid maturation and budding of capsids into and release from the perinuclear space were unimpaired. However, secondary envelopment was drastically reduced. Instead, apparently DNA-filled capsids accumulated in the cytoplasm in large aggregates similar to those observed in the absence of glycoproteins E/I and M but lacking the surrounding electron-dense tegument material. Although displaying an ordered structure, capsids did not contact each other directly. We postulate that the UL37 protein is necessary for correct addition of other tegument proteins, which are required for secondary envelopment. In the absence of the UL37 protein, capsids interact with each other through unknown components but do not acquire the electron-dense tegument which is normally found around wild-type capsids during and after secondary envelopment. Thus, apposition of the UL37 protein to cytoplasmic capsids may be crucial for the addition of other tegument proteins, which in turn are able to interact with viral glycoproteins to mediate secondary envelopment.
Herpesvirus particles are characterized by the presence of four morphologically differentiable components: the inner nucleoprotein core with double-stranded genomic DNA; the icosahedral capsid shell; an amorphous material of protein called the tegument; and an envelope of host cell-derived lipids containing virus-encoded (glyco)proteins (26) . Assembly of herpesvirus capsids occurs in the nuclei of infected cells. Intranuclear capsids acquire a primary envelope by budding through the inner nuclear membrane, resulting in perinuclear enveloped virions (13, 14, 26) . These virions have been shown to be biochemically and ultrastructurally different from mature extracellular virus particles. In particular, perinuclear pseudorabies virus (PrV) virions contain the UL34 protein, which has been shown to be required for primary envelopment of herpes simplex virus type 1 (HSV-1) (27) as well as PrV (19) . This protein is absent from intracytoplasmic or extracellular mature PrV virions. In contrast, the UL49 tegument protein is present in mature virions but absent from perinuclear virus particles (19) . Therefore, the protein compositions of perinuclear immature and of intracytoplasmic and extracellular mature virus particles are different, a fact which is easily explained by a two-step envelopment process. This includes deenvelopment by fusion of the primary envelope with the outer leaflet of the nuclear membrane and final envelopment by budding of intracytoplasmic capsids into trans-Golgi vesicles (5, 10, 13, 14, 15, 17, 24, 34, 35, 39) .
So far, the molecular basis for either of the envelopment processes is largely unknown. Recently, the importance of socalled "nonessential" glycoproteins for secondary envelopment was demonstrated. In the absence of the glycoprotein E-I complex (gE/I) as well as glycoprotein M (gM), secondary envelopment was blocked and large intracytoplasmic accumulations containing capsids surrounded by electron-dense tegument material were observed (2, 3) . Thus, in the absence of these glycoproteins, capsids were apparently still able to assemble tegument but did not gain access to the budding machinery for secondary envelopment. This situation resulted in the formation of intracytoplasmic inclusion bodies containing large numbers of capsids associated with tegument. In contrast, in the absence of the PrV UL3.5 protein, only naked nucleocapsids without visible tegument were observed scattered throughout the cytoplasm (8), a result which suggested that the apposition of tegument is required for the observed interactions resulting in inclusions. Since these data indicated that tegument proteins were responsible for the formation of aberrant particle-toparticle contacts leading to inclusions, we set out to analyze the individual contributions of tegument proteins to virion maturation. From X-ray diffraction studies, the tegument is hypothesized to be largely unstructured, apart from the inner portions, which make contact with the icosahedral capsid (6, 38) . For HSV-1, many proteins have been demonstrated or hypothesized to be part of the tegument (31) . These include factors modulating the host cell after virus infection, such as the UL41-encoded virion-host cell shutoff protein. They also include viral regulatory proteins, such as UL48-encoded VP16, a transinducing transcriptional activator, or the immediate-early proteins ICP0 and ICP4 (36, 37) . Moreover, virus-encoded enzymes, such as the UL13 protein kinase, are constituents of the tegument. Besides these well-characterized components, the major portions of the tegument are made up of functionally rather poorly characterized proteins. They include, among others, the products of the UL36, UL37, UL46, UL47, and UL49 genes (26, 31) .
Most of these proteins are not required for productive viral replication in cultured cells. However, it has recently been reported that the largest protein encoded by alphaherpesviruses, the UL36 gene product, is required for intracytoplasmic maturation of virus particles. In the absence of the UL36 protein, capsids traverse the nuclear membrane but do not acquire a secondary envelope. Instead, they are found clustered in the cytoplasm without any detectable tegument structure (7) .
The UL37 gene product is one of the few alphaherpesvirus proteins whose function has not been revealed so far. Although initially described as a nonstructural phosphoprotein (1, 29, 30) , it has subsequently been detected as a component of virions (22) and, more specifically, the tegument (20, 28) . To study the function of the UL37 homolog in PrV, we produced an antiserum against the PrV UL37 protein, isolated a UL37 deletion mutant, and characterized the mutant virus in cell cultures.
MATERIALS AND METHODS
Viruses and cells. All PrV mutants are derived from the wild-type laboratory strain Kaplan (PrV-Ka) (18) . Viruses were grown on rabbit kidney (RK13) or porcine kidney (PSEK) cells in Eagle's minimum essential medium supplemented with 10% fetal calf serum. Sequencing. The nucleotide sequence comprising 750 bp of the UL37 open reading frame (ORF) has been published recently (GenBank accession no. X80797) (4) . To complete the UL37 sequence, a 4.3-kb BstXI/SphI fragment of BamHI fragment 2 ( Fig. 1 ) was cloned into SmaI-and SphI-cleaved pUC19. For further subcloning, plasmid pUC-BstX/Sph4.3 was digested with PstI and SphI. The resulting 1.3-kb SphI/PstI and 1.2-kb PstI fragments were ligated into appropriately cleaved pUC19, and the remaining 1.8-kb PstI/BstXI fragment with the vector sequences was religated after blunt ending. All subclones were subjected to nested deletion reactions, and selected clones were sequenced. The 920-bp SalI subfragment of pUC-BstX/Sph4.3 overlapping the junction between the 1.3-kb SphI/PstI and 1.2-kb PstI fragments was also cloned and sequenced. To verify the junction of the 1.2-kb PstI and 1.8-kb PstI/BstXI subfragments, sequencing was done using specific primers with pUC-BstX/Sph4.3. Sequencing was performed manually with double-stranded plasmid DNA using T7 and 7-deaza T7 sequencing kits (Amersham Pharmacia Biotech, Freiburg, Germany). The sequence was assembled and arranged using Wisconsin Package Version 10.1 (Genetics Computer Group, Madison, Wis.).
Preparation of monospecific anti-UL37 serum. For the generation of UL37-specific antiserum, the UL37 ORF was PCR amplified using Platinum pfx DNA polymerase (Life Technologies, Karlsruhe, Germany), primers UL37FOR2 (5Ј-CACAGAATTCCGCGCGGACCCTCTTATAAT-3Ј; nucleotides [nt] 2439 to 2460; GenBank accession no. AJ318065) and UL37REV (5Ј-CACAGGTACCG CTGAAATAACACACGCGCG-3Ј; nt 5254 to 5235; GenBank accession no. AJ318065), and cloned BamHI fragment 2 as a template; EcoRI and KpnI sites introduced for convenient cloning are indicated by italics. The resulting 2.8-kb PCR product was cleaved with NotI using an internal NotI site ( Fig. 1) , and a 1.8-kb EcoRI/NotI fragment was inserted into EcoRI-and SmaI-cleaved pGEX-4T-1. A ca. 93-kDa glutathione S-transferase (GST)-UL37 fusion protein was used for immunization of a rabbit after separation on a sodium dodecyl sulfatepolyacrylamide gel and electroelution. Immunization was done as described recently (19) . Serum obtained after the third immunization was used in this study.
Isolation of UL37-expressing cells. For construction of complementing cells, the UL37 ORF was amplified as described above using primers UL37FOR (5Ј-CACAAAGCTTCGCGCGGACCCTCTTATAAT-3Ј; nt 2439 to 2460; GenBank accession no. AJ318065) and UL37REV, which contained HindIII and KpnI sites for convenient cloning (indicated by italics). The 2.8-kb PCR product was cloned into appropriately cleaved pcDNA3 (InVitrogen, Groningen, The Netherlands), resulting in plasmid pcDNA3-UL37. This plasmid was transfected into RK13 cells, and G418-resistant cell clones were picked and tested for UL37 expression by indirect immunofluorescence using the UL37-specific antiserum. One cell clone, RK13-UL37, was selected and used in this study.
Isolation of a UL37-negative PrV mutant. To construct a recombination plasmid with UL37 sequences deleted, 5Ј-flanking sequences comprising the UL38 and part of the UL39 genes were PCR amplified using Platinum pfx DNA polymerase with primers UL38For (5Ј-CACAGGATCCACGGCGTGGTCGG CCTCCTC-3Ј; nt 2502 to 2483 [GenBank accession no. AJ318065]) and UL38REV (5Ј-CACAGAATTCAGCACGGCGCGCACGTCC-3Ј; nt 1 to 19; GenBank accession no. AJ318065). The 2.5-kb PCR product was cloned as an EcoRI/BamHI fragment in front of the 1.3-kb SphI/PstI fragment. For easier selection of recombinant virus, a green fluorescent protein (GFP) marker cassette was inserted into the BamHI and PstI sites separating the UL37 5Ј-and 3Ј-flanking regions (for locations of the fragments used, see Fig. 1 ). The transfer plasmid was cotransfected with wild-type PrV-Ka DNA into RK13 cells (12) , and green fluorescent plaques were picked and purified. One single-plaque isolate, PrV-⌬UL37, was further characterized.
Virus purification, plaque assay, and one-step growth analysis. Virus purification, plaque assay, and one-step growth analysis were performed as previously described (19) . For one-step growth analysis, cells were infected at an multiplicity of infection (MOI) of 10 with PrV-⌬UL37 which had been grown on RK13-UL37 cells or with PrV-Ka.
Western blotting, EM, and immunolabeling. Western blotting, electron microscopy (EM), and immunolabeling were performed as described recently (19) .
Nucleotide sequence accession number. The sequence obtained has been deposited in GenBank under accession no. AJ318065.
RESULTS
Sequence and expression of PrV UL37. The sequence of the UL38 gene and part of the UL37 gene has been published recently (4) . The UL37 sequence comprised 750 bp of the UL37 ORF. To complete the UL37 sequence, the adjacent region was cloned and sequenced. The UL37 ORF comprises 2,757 bp coding for 919 amino acids. A "TATA" box (nt 2319 to 2323) was found 140 bp upstream of the start codon (nt 2459 to 2461), as already described (4) . A poly(A) signal (AATAAA; nt 5214 to 5219) overlaps the stop codon at nt 5216 to 5218. The size of the UL37 transcript was estimated to be 3.5 to 4 kb (4), in the expected size range. The calculated molecular mass for the UL37 protein is 98 kDa. The deduced amino acid sequence shows 33% identity with the homolog of HSV-1, 34% with that of varicella-zoster virus, and 43% with that of equine herpesvirus 1 (data not shown).
FIG. 2. Identification and kinetics of expression of the PrV UL37
protein. RK13 cells were infected at an MOI of 10 with PrV-Ka (lanes 1 to 6) or PrV-⌬UL37 (lanes 7 to 12) and harvested at 1 (lanes 1 and 7), 3 (lanes 2 and 8), 5 (lanes 3 and 9), 7 (lanes 4 and 10), 9 (lanes 5 and 11), or 24 (lanes 6 and 12) h after infection. Lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and, after Western blotting, incubated with polyclonal sera against the UL37 protein (A), the UL34 protein (B), and the UL49 protein (C) or a monoclonal antibody against gC (D). Lanes 13, purified PrV-Ka virions. Lanes 14, purified PrV-⌬UL37 virions.
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Identification and kinetics of expression of the PrV UL37 protein. To identify the PrV UL37 protein, a monospecific polyclonal rabbit antiserum was generated against a GST-UL37 fusion protein (Fig. 1) . In a Western blot of wild-type PrV-infected cells, this antiserum recognized a ca. 100-kDa protein ( Fig. 2A) which was already detectable at 3 h after infection. Expression kinetics were similar to those of the UL34 (Fig. 2B) and UL49 (Fig. 2C) proteins, whereas the late gene product glycoprotein C (gC) (Fig. 2D) was not detectable before 5 h after infection.
The PrV UL37 protein is a component of extracellular virions. For HSV-1, the UL37 protein has been described as a structural component of virions (22) . To analyze whether this is also true for the PrV UL37 homolog, sucrose gradientpurified virions were analyzed by Western blotting using the PrV UL37 protein-specific rabbit antiserum. As shown in Fig.  2A, lane 13 , the antiserum detected a ca. 100-kDa protein in purified virions, as it did in infected cells. As a negative control, the UL34 protein, which had previously been found to be absent from mature virions (19), was not detectable in the purified virion fraction (Fig. 2B) ; however, the UL49 protein (Fig. 2C) and gC (Fig. 2D) were present. Thus, the PrV UL37 protein is a component of extracellular virions.
Absence of the UL37 protein results in restricted replication. After cotransfection into normal RK13 cells of wild-type PrV DNA and a plasmid encompassing a partial deletion of the UL37 ORF with a GFP expression cassette insertion, we were able to isolate a recombinant virus, PrV-⌬UL37, which expressed GFP. Southern blot analyses indicated correct deletion of the UL37 sequences (data not shown), and Western blotting confirmed the absence of the UL37 protein in mutant virus-infected cells ( Fig. 2A, lanes 7 to 12) and mutant virions ( Fig. 2A, lane 14) . These data indicated that the UL37 protein was not strictly required for PrV replication. However, the mutant virus plaques were significantly smaller, by about 50%, than those produced by wild-type PrV, reflecting a growth deficiency of the UL37-negative PrV mutant. This reduction in plaque size was not observed on UL37-expressing cells, demonstrating that the defect was indeed due to the absence of the UL37 protein (Fig. 3) . In one-step growth analyses (Fig. 4) , PrV-⌬UL37 exhibited a clear reduction in replication on normal RK13 cells, with final titers of ca. 5 ϫ 10 4 PFU/ml. In contrast, wild-type PrV-Ka easily reached titers of as high as 10 7 PFU/ml. The replication defect was rescued on UL37-expressing cells, highlighting the importance of UL37 for the observed impairment in replication.
The PrV UL37 protein is involved in secondary envelopment. To examine the replication defect of PrV-⌬UL37 in more detail, EM was performed on PrV-⌬UL37-infected RK13 cells 16 h after infection. As shown in Fig. 5A , there was a striking phenotype, with large accumulations of intracytoplasmic capsids. In contrast to observed in the absence of gE/I and gM (2) , in the absence of UL37 no apparent tegument material surrounded the capsids (Fig. 5B) . However, they appeared to contact each other indirectly (Fig. 5C ), resulting in an orderly arrangement. Thus, it appears as if viral maturation is blocked before the addition of tegument and before secondary envelopment. It is interesting that another PrV mutant which exhibits a block prior to the addition of tegument and secondary envelopment, PrV-UL3.5 Ϫ , did not show any aggre-
Plaque size of PrV-⌬UL37. RK13 or RK13-UL37 cells were infected under plaque assay conditions with PrV-Ka or PrV-⌬UL37. Two days after infection, plaque diameters were measured microscopically and compared with the average diameter of plaques induced by parental PrV-Ka, which was set at 100%. Average values and standard deviations after measurement of at least 50 plaques in three independent experiments each are indicated. gation of capsids. Rather, dispersed capsids in the cytoplasm were observed in PrV-UL3.5
Ϫ -infected cells (8) . However, the block in PrV-⌬UL37-infected cells is not absolute. As shown in an overview in Fig. 6A , besides the accumulations of capsids, normal maturation of virions was also observed, including secondary envelopment by budding into trans-Golgi vesicles (Fig. 6B ) and the presence of enveloped virions in vesicles (Fig. 6C) . However, most strikingly, L-particle formation occurred efficiently (Fig. 6D) , and numerous Lparticles lined the surface of PrV-⌬UL37-infected cells (Fig.  6A) . To correlate the observed phenotype with the absence of the UL37 protein, EM was also performed on RK13-UL37 cells infected with PrV-⌬UL37. As shown in Fig. 7A , no accumulations of capsids were observed and all stages of virion maturation could be visualized easily, including secondary envelopment (Fig. 7B) , enveloped virions in vesicles presumably during transport to the cell surface, and the presence of numerous extracellular virus particles (Fig. 7A and C) . Thus, the observed defect was indeed due to the absence of the UL37 protein.
In the absence of the UL37 protein, the UL49 protein is not added to capsids. Given the above results, we postulated that the addition of the UL37 protein to maturing capsids is required for the apposition of other tegument proteins prior to secondary envelopment. To assay for the presence of one of the major tegument proteins, the UL49 gene product, in maturing virions, RK13 cells were infected with PrV-⌬UL37 and analyzed by immuno-EM using a monospecific anti-UL49 serum and immunogold-labeled secondary antibodies (3). As shown in Fig. 7D , label was detected in conjunction with vesicular membranes in the trans-Golgi area, whereas the accumulations of capsids were free of label. In contrast, L-particles, which were formed in PrV-⌬UL37-infected cells, were strongly labeled by the anti-UL49 serum (Fig. 7E) , indicating that the expression of UL49 and the interaction of tegument proteins with the secondary envelope were not drastically disturbed. Thus, the absence of the UL37 protein appeared to specifically interfere with a step in virion morphogenesis which precedes the addition of other tegument proteins, including UL49, as a requirement for secondary envelopment.
DISCUSSION
Our results show that the UL37 protein of PrV is involved in virion formation and that in its absence, secondary envelopment in the cytoplasm is impaired, resulting in aggregation of capsids in the cytoplasm. Thus, this is another in a series of mutants described by this laboratory with defects in virion morphogenesis resulting in the accumulation of capsids in the cytoplasm. However, the phenotypes of these mutants clearly differ. In the absence of the UL3.5 protein, secondary envelopment is also blocked, but capsids are found dispersed in the cytoplasm, with no sign of aggregation. In contrast, inhibition of secondary envelopment in the absence of gE/I and gM results in huge intracytoplasmic aggregates of capsids associated with protein material which includes the UL49 tegument protein. Therefore, these two phenotypes represent different stages in intracytoplasmic virion morphogenesis. In the absence of the UL37 protein, we found another distinct phenotype: capsids accumulate in ordered structures in the cytoplasm, but they are not surrounded by electron-dense tegument material. In addition, these capsids are not labeled by the anti-UL49 serum. However, besides the observation that these capsids accumulate without contacting each other directly, higher-magnification electron micrographs (Fig. 5C ) indicate that indirect contacts between the capsids do indeed result in the observed orderly aggregates. At present, it is unclear which protein mediates these interactions. The largest tegument protein, the product of the UL36 gene, is one prime candidate. In the absence of the UL36 protein in HSV-1, capsids lacking tegument have been observed to accumulate in the cytoplasm (7). However, they do not regularly form the ordered aggregates which we observed in the absence of the UL37 protein. Therefore, the UL36 protein may mediate the interactions resulting in capsid aggregation. In this scenario, UL36 may be one of the first tegument proteins added to maturing capsids, a hypothesis which is supported by electron cryomicroscopy of HSV-1 and human cytomegalovirus cytoplasmic capsids (6, 38) . UL36 may then, in turn, direct the deposition of the UL37 protein.
It is interesting that, except perhaps for the UL36 gene product in HSV-1 (7), none of the identified tegument proteins has been found to be indispensable for virus maturation. This finding also holds true for PrV UL37 which, despite a striking maturation defect, is able to replicate productively on noncomplementing cells, although only to a limited extent. This finding may indicate that, as has been observed for so-called nonessential envelope glycoproteins (2, 3) , there may in fact be redundancy in the function of the individual tegument proteins inasmuch as in the absence of one or even more species, the remaining others are sufficient to promote secondary envelopment. We are currently isolating PrV mutants with multiple tegument protein deletions to shed light on this peculiar phenomenon.
Currently, it is unclear whether the reduction in the titers of mutant virus progeny produced on noncomplementing cells is solely due to the impairment in the formation of mature virions or whether there is also a decrease in the specific infectivity of released virions. However, our EM data clearly show a severe maturation defect, and only a few mature virions were detectable in mutant virus-infected noncomplementing cells, in contrast to numerous L particles (Fig. 6) . A ca. 100-fold increase in titers was observed on complementing RK13-UL37 cells; however, the final titers still were ca. 10-fold lower than those obtained with the wild-type virus. The reason for this result is unclear at present but either may involve other gene products (e.g., UL36 or UL38) or may reflect a certain inefficiency of the complementing cell line. This result notwithstanding, the fact that the mutant virus titers increased by ca. 2 log 10 units after propagation on RK13-UL37 cells and the observation of apparently normal virion morphogenesis after infection of complementing RK13-UL37 cells by PrV-⌬UL37 clearly demonstrate the role of UL37 in virion formation.
In the absence of the UL36 (7) or UL37 (this study) protein, capsids accumulate in the cytoplasm. This fact demonstrates that neither of these tegument proteins is required for capsids which are assembled in the nucleus to traverse the nuclear membrane. So far, it is still debated whether a certain amount or a certain species of tegument protein is added to capsids in the nucleus and is required for driving the budding process during primary envelopment. Electron micrographs indicate that enveloped capsids in the perinuclear space indeed contain immediately beneath the envelope an electron-dense material (13, 14) whose composition is unclear. So far, we have not been able to isolate a mutant virus lacking a tegument protein(s) which is blocked in primary envelopment. This phenotype has been observed only in the absence of the UL34 membrane protein, which localizes to both leaflets of the nuclear membrane (19) .
Capsid formation is not required for secondary envelopment, since L-particles, i.e., tegument proteins surrounded by an envelope (16, 32) , were readily observed in mutants inhibited in intranuclear capsid formation (21, 25) . In contrast, in the absence of envelope gE/I and M, not only the production of mature virions but also the formation of L particles was blocked. Thus, an interaction between tegument proteins and envelope glycoproteins, including gE/I and M, is required and sufficient for budding during secondary envelopment. Since L-particle formation still proceeds in the absence of the UL37 protein, UL37 is not a component of the tegument essential for making contact with the future envelope.
We hypothesize that the UL37 protein is added as one of the first tegument proteins to maturing capsids, perhaps immediately after the addition of the UL36 protein. A direct interaction between HSV-1 UL36 and the capsid has been proposed (23) , as has been an interaction between the homologs of UL36 and UL37 in human cytomegalovirus (11) . The presence of the UL37 protein may then be required for the efficient addition of other tegument proteins, including UL49, which in turn make contact with viral envelope glycoproteins in transGolgi vesicles. This interaction then promotes budding and acquisition of the secondary (and final) envelope.
In this scenario, tegument proteins would fulfill the role of the matrix proteins in RNA viruses, bridging the nucleocapsid and the envelope (9, 33) . However, in herpesviruses, the complexity, abundance, and flexibility of the tegument may, in addition, allow the incorporation into virus particles of "cargo" without disruption of the virion architecture. This cargo may include viral proteins required for modulating cell metabolism in favor of the virus prior to the onset of viral gene expression. Examples may be transcriptional activators such as ICP0 and IPC4 or the UL41 host cell shutoff protein.
